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Blood donor white blood cell reduction filters as a source of human
peripheral blood-derived endothelial progenitor cells
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BACKGROUND: Neovascularization in tumors, wounds,
and sites of ischemic injury occurs by bolh angiogenesis
(proliferation from existing vessels) and by vascuicgene-
sis (differentiation into endothelial cells from clrculating
endothelial progenitor cells [EPCs)). EPCs ¢an be
obtained from marrow, from cord blood, or by ex vivo
expansion of human peripheral blocd (PB). The ease of
obtaining human PB EPCs has led many recent studies
to utilize PB EPCs. The ability to obtain large numbers
of PB EPCs would greally facilitate characterization to
further our understanding of EPC biology and their
application in celiviar gene therapy.

STUDY DESIGN AND METHODS: Peripherai blood
mononuciear cells {PBMNCs) from whole biood or from
the material obtained from white blood cell (WBC)
reduction filters were isolated. The cells from both
sources were then cultured separately under defined
conditions to quantify EPC yield from each source
RESLULTS: The yield of EPCs per million PBMNCs plated
was approximately 3.5-fold higher from fresh PB.
Because greater numbers of PBMNCs were obtained
from each filter, however, the mean yield of EPCs from
one filter versus fresh blood was 5.4 million versus

CONCLUSION: The use of WBC reduction fillers
provides a safe, inexpensive, and readily available source
for large numbers of PBMNCs from which culiure-
expanded EPCs can be generated for further study

0.4 mitlion, respectively (approx. 14-fold increased yield).

ngiogenesis, the formation of new blood ves-
sels from existing vessels, was previously
believed to be the sole mechanism of new
blood vessel formation during early postnatal
development as well as during adulthood.! There is now
growing evidence, however, that vasculogenesis, the for-
mation of vessels from circulating endothelial progenitor
cells (EPCs), also contributes significantly to neovascula-
ture during early postnatal development,? ischemic
injury,” wound repair,® and malignant growth.** EPCs have
been shown to preferentially “home” to foci of ischemic
or tumor neovascularization, which are associated with
high levels of local vascular endothelial growth factor
production (VEGF) **7
The number of circulating EPCs in humans has been
associated with various diseases such that they are con-
siderably lower in certain pathologic conditions, such as
diabetes or renal failure."* Reduction in EPC numbers
is believed to contribute to endothelial dysfunction
observed in these patient populations.? A robust supply of
EPCs could, theoretically, ameliorate these deficiencies in
neovascularization.!! Alternatively, high circulating levels
of EPCs may enhance tumor growth and, hence, may be
undesirable in such situations. Several investigators have

ABBREVIATIONS: Dil-acLDL = 1,1'-dicctadecyl-3,3,3",3"-
tetramethylindocarbocyanine-labeled acetylated low-density
lipoprotein; EPC(s) = endothelial progenitor celi(s); PB =
peripheral blood; UEA-1 lectin = Ulex europaeus agglutinin 1;
VEGFR2 = vascular endothelial growth factor receptos-2.
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shown that tumors selectively utilize EPCs.*” Thus, there is
growing interest in developing genetically modified EPCs
to carry an antiangiogenic therapy as a strategy to slow
turnor vasculature,

In vitro, EPCs can be derived from embryonic stem
cells,® marrow™ cord blood,” and cytokine-mobilized
peripheral blood (PB}* More recently, Kalka and
colleagues' demonstrated that EPCs can be derived from
ex vivo expansion of unmobilized human PB.*® Adminis-
tration of culture-expanded FB EPCs to mice with hind-
limb ischemia resulted in enhanced neovascularization
and reduced limb loss ¥ The relative ease of obtaining
unmobilized human PB has made PB EPCs an attractive
candidate with which to develop cell-based hurnan ther-
apy. Clinical trials such as the TOP-CARE study are
designed to investigate the therapeutic role of autelogous
culture-expanded EPCs after ischemic injury.® In parallel
with such studies, there is continued effort to better
understand EPC biology. The in vivo proliferative poten-
tial and homing characteristics of PB EPCs are not yet
known. In fact, a growing number of investigators, includ-
ing our lab, are involved in further study and characteriza-
tion of the biology of PB EPCs Although almost all
lzboratories have access to human PB, research on human
subjects requires full review by the institutional review
board and necessitates obtaining informed consent from
donors. Furthermore, only one to two tubes of blood are
usually drawn from normal volunteers, who are often
recruited among coworkers and students in the laboratory
sefting. In general, such volunteers are not routinely
tested for many blood-bome pathogens. We describe
the isolation of peripheral blood mononuclear cells
(PBMNCs) from white blood cell (WBC) reduction filters
obtained from the American Red Cross blood donor cen-
ter Culture of filter-derived PBMNCs under defined con-
ditions generated EPCs with characteristics comparable
to those penerated from expansion of PBMNCs isolated
from fresh blood.

MATERIALS AND METHODS

isolation of PBMNCs

Human blood donor WBC reduction filters (LeukotrapRC,
Pail Corporation, East Hills, NY} were obtained from the
American Red Cross (Nashviile, TN) and were kept at 4°C
overnight. With a 30-mL syringe, the filters were back-
flushed once with phosphate-buffered saline (PBS}, col-
lecting approximately 25 ml of blood-cell suspension
from each filter in a 50-ml. conical tube. Resultant blood
was diluted 1:1 with PBS. Samnples of fresh blood from
hman volunteers were collected into 8.5-mL acid-cit-
rate-dextrose solution A tubes. Each tube was diluted 1:1
with PBS into a 50-mL conical tube Total PBMNCs were
isolated from both filter and fresh blood by density gradi-
ent centrifugation at 740 xg for 30 minutes at 4°C by
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overlaying approximately 12ml of Histopaque 1077
(Sigma Chemical Co,, St Louis, MO} with 38 ml of PBS and
blood-cell suspension. The PBMNCs were collected from
the interface, and viability was determined with trypan
blue dye exclusion. A total of 20 filters and four separate
fresh blood samples were analyzed for this study The data
shown are representative of multiple experiments, (ie,
fluorescence-activated cell sonting [FACS], immunostain-
ing) or are the means derived from multiple experiments,
(ie, EPC yield).

Cell culture

PBMNCs, isolated as described, were plated at 1 x 10% cells
per em® on 100-mm culture dishes or on 22-mm?® glass
coverslips {placed in six-well plates) coated with human
fibronectin (Sigma Chermical Co.) diluted 1:50 in Hanks'
balance salt solution. These cells were maintained in EC
basal medium-2 (Clonetics, San Diego, CA) supplemented
with EGM-2 MV SingleQuots. After the third day in culture,
nonadherent cells were removed via PBS washings, and
fresh EC basal medium-2 was added. Both filter and fresh
blood cultures were maintained through Day 14,

Celtular staining

Fluorescent staining of adherent cells on glass coverslips
was conducted after 10 days in culture. First, the adherent
cells were incubated with 1,1'-dioctadecyl-3,3,3".3"-tet-
ramethylindocarbocyanine (Dil)-labeled acetylated low
density-lipoprotein (aclDL) (Biomedical Technologies,
Stoughton, MA) diluted 1:20 in EC basal medium-2 for
2 hours at 37°C. After fixing these cells with cold acetone,
fluorescein isothiocyanate (FITC)-labeled Ulex europaeus
agglutinin 1 (UEA-1 lectin} {Vector Laboratories, Burlin-
game, CA) diluted 1:20 in PBS was then applied to the same
coverslip for 1 hour. For immunostaining, coverslips were
incubated with anti-vascular endothelial growth factor
receptor-2 (VEGFR2, also known as flk-1 or KDR) {1:100,
Santa Cruz Biotechnology, Santa Cruz, CA) overnight at
4°C. The coverslips were washed and incubated with flu-
orescent-conjugated appropriate fluorescent secondary
antibodies for 2 hours. After the cells were washed with
PBS, each coverslip was applied to a slide face down with
one drop of Vectastain with DAPI (Vector Laboratories).
The slides were viewed under an upright fluerescence
microscope (Zeiss). For EPC enurmetation, the cells dem-
onstrating positive fluorescent costaining of Dil-aclDL
and UEA-1 lectin as well as positive fluorescent staining
anti-VEGFR2 were identified as differentiated EPCs.

FACS

FACS analysis of PBMNCs was performed by staining
1% 10% cells in 100 ul with antibodies against CD2, CD14,
CD15, or CD19, all conjugated to FITC (Becton Dickinson,



San Jose, CA). For quantitating progenitor cells, cells were
coincubated with pooled CD34 antibody {Becton Dickin-
son} conjugated to phycoerythrin and with antibodies
constituting a lineage (lin) cocktail {CD2, CD14, CD15,
and CDI19) Isotype-identical antibodies served as
controls (Becton Dickinson). Nonviable cells identified
by 7-aminecactinomycin D (Molecular Probes, Eugene,
OR) staining were excluded Quantitative FACS was
performed on a flow cytometer (FACStarPius, Becton
Dickinson) and subseguently analyzed with computer
sofiware (Cellquest, Becton Dickinson). At least 10,000
cells were analyzed to obtain histograms of cell number
versus logarithmic fluorescence intensity,

Quantitation of EPCs

EPCs were counted with an inverted microscope (Zeiss) in
a 10x bright field, of which the plate surface area shown
in the eyepiece is 0.985 mm?® Ten randorn fields were
chosen for each sample, and the number of EPCs was
recorded. The number of adherent EPCs

per square millimeter on a 100-mm dish

WBC REDUCTION FILTERS AS A SOURCE OF EPCs

Second, the fresh product contained cells of larger size. To
evaluate this further, we determined the cellular compo-
sition from each source as shown in Table 1. EPCs are
considered to originate from CD34+ PB progenitor cells
that Jack lineage markers {CD34+/lin-) ** The percentage
of CD34+/lin~ cells derived from each source was similar
(Table 1). Similarly, the relative lymphocyte content in the
two products was not different. The relative numbers of
CD14+ monocytes and CDI1lb+ gianulocytes, however,
were significantly higher in the PBMNC product obtained
frorn fresh blood compared to the filters (Table 1). Culture
of PBMNCs derived from both sources under conditions
that favor EPC prowth and adherence resulted in the
appearance of elongated cells with endothelial morphol-
ogy by Day 3. The cells were analyzed on Days 7 and 10
{shown) for the ability to uptake Dil-acI DL and staining
with UEA-1 lectin, consistent with endothelial lineage
(Fig. 2). Uptake of fluorescently labeled acetylated LDL is
a property shared by both macrophages and endothelial
cells ¥ By contrast, staining with UEA-1 lectin is consid-
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from the American Red Cross Donor
Center. Approximately 425 to 500 mL of
blood collected containing the antico-
agulants AS-3 and CP2D were pro-
cessed for leukoreduction through the
filters. Filters were obtained within
2 hours of collection and MNCs were
harvested the next morning. PBMNCs
obtained from both fresh PB and WBC
reduction filters after density gradient
centrifugation were analyzed by FACS.
Analyses of forward and side scatter
parameters (Fig. 1) are shown from fl-
ter-derived cells isolated by the same
technique as from fresh human blood.
The products differed by two aspects.
First, the filter-derived cells consistently
had a lower percentage of viable cells
compared to fresh product, 78 percent
versus 90 percent, respectively, and this
difference was significant (p<0.01).

Fig.1. Flow cytometric analysis of PBMNCs from fresh human blood (A) or from aWBC
reduction filter (B). Cells were gated by forward scatter and assessed for viability with
7-aminoactinomycin D exclusion. Further FACS analysis with lineage-specific anti-
bodies were performed on gated viable cells. These data are summarized in Table 1.

Fig. 2. In vitro differentiation of PBMNCs into EPCs. Bright-field images of EPCs gen-
erated from PBMNCs after 7 days in culture are shown inlefttopand bottom panels. The
two middie panels demonstrate the ability of culture-expanded EPCs to endocytose
Dil-acLDL {red fluorescence} and to bind UEA-1 lectin (green fluorescence), respec-
tively. Thelast panel shows immunoflucrescent staining with VEGFR2 (Flk-1) antibody.
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TABLE 1. Cellular composition from each source*

chz2 chis CD15 cpig CoD34+Ain-
Sourge % Viahle {T cells} {monotyles} {granulocyles) {8 cells) {progenilor cells)
WBC filler 78+ 5% 65113 125+ 3% 37+x2t 1788 00502
Fresh blood 90244 7352 3417 11.74+£3 14.6+8 0.04 +0.02

1 Significance with the { lest

* Dala oblained from FACS analysis of MNCs isolaled from the sources as designated

ered specific for endothelial lineages." These have been
utilized to identify EPCs in previous publications *'*% To
further confirm endothelial lineage, the expanded cells
were also stained with marker VEGFR2 (also known as flk-
1 or KDR; Fig. 2). To determine the utility of use of filters
as a source for EPCs, we compared the numbers of EPCs
obtained by Day 10 after culture from each source. The
numbers of PBMNCs isolated from one filter was consid-
erably higher (approx. 33-fold) than what was isolated
from one tube (approx. 7.5 ml} of fresh blood (Fig. 3A).
The efficiency of EPC growth, however, was significantly
higher from fresh PE than filters by approximately 3.5-
fold {p <0.02; Fig. 3B). With these data, we calculated the
total EPC vield from one filter (5.4 million) versus one
tube of fresh blood (0.4 million) (Fig. 3C), a difference of
approximately 14-fold

DISCUSSION

We demonstrate that culture expansion of PBMNCs
obtained from WBC reduction filters under appropriate
conditions resulted in the growth of EPCs. This supports
the use of WBC reduction filters, in lieu of fresh human
blood, as a source of culture-expanded EPCs. The out-
growth of EPCs was evident as early as Day 3 from both
sources with large clusters of EPCs evident between Day 7
and Day 14. Although the CD34+/lin~ content of PBMNCs
obtained from [resh blood was nearly identical to those
obtained from filters, the efficiency of EPC generation was
approximately 3.5-fold higher from fresh product. This
discrepancy may, in part, be related to the higher viability
{approx. 13% greater) of the fresh blood source. Also, the
monocyte and granulocyte content of the PBMNCs
obtained from fresh blood was significantly higher
(approx. 3-fold). It has been previously reported that cul-
ture of a highly purified population of CD34+/lin~ cells
compared to unfractionated marrow resulted in greater
than 10-fold lower EPC yield * This suggests that accessory
cells and/or cytokines may be present in the nonprogen-
itor population that facilitates EPC expansion and differ-
entiation in culture. Monocytes, for example, may serve as
such accessory cells, and their increased numbers may
improve EPC expansion.? Despite the increased efficiency
observed with fresh blood cells, the total numbers of EPCs
obtained from one filter is far greater (approx. 14-fold)
than that obtained from one tube of fresh human blood
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Fig. 3. EPCyield from WBC filter versus fresh PB. (A) MNC yield;
(B) EPC yield per 10® MNCs plated; (C) total EPC yield per
source. p vakues were obtained with the t test and p <0.05 is
considered significant in cur study.

{approx. 7.5 ml). Transplantation of hurman cells or tis-
sues into immunodeficient mouse rmodels provides a tool
by which the biology of human cells can be studied with
animal modeis *** Our laboratory is utilizing a NOD/SCID



mouse in combination with heterotopic tumor growth
to study the biology of human EPCs during malignant
neovascularization (Young and Teleron, unpublished
studies). The use of EPCs for in vivo studies with animal
models of ischemiz or tumor growth necessitates approx-
imately 0.5 x 10% to 1 x 10° EPCs administered per mouse*
The ability to generate large numbers of EPCs will signif-
icantly facilitate these studies.

As always, the use of any human product, including
filiers, necessitates conscientious adherence to universal
precautions. Obtaining filters from a blood donor center,
however, adds an added measure of safety because the
volunteer donors are questioned about risk factors for
blood-bormne pathogens before donation. Each filter car-
ries no identifying donor information and thus is unlinked
to a specific donor. Hence, the use of discarded filters is
not considered human subjects research, does not require
patient consent, and is considered exempt from full
approval and review by the institutional review board of
the Amnerican Red Cross and Vanderbilt University Medi-
cal Center. Were these filters not used in this study, they
would have been destroyed as biohazard waste.

In summary, the use of blood donor WBC reduction
filters with a simple back-flush manipulation provides a
safe, inexpensive, and readily available source for large
numbers of human PBMNCs. These can subseguently be
expanded in culture to generate EPCs for further study.
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